Abstract The space-time distribution of slip of the 17 August 1999 İzmit earthquake is investigated by inverting synthetic aperture radar (SAR) interferometry and Global Positioning System (GPS) data, together with teleseismic broadband and nearfield strong-motion records. Surface offsets are used as an added constraint. Special emphasis is given to analysis of the resolution of the different data sets. We use a four-segment finite fault model and a nonlinear inversion scheme, allowing slip to vary in amplitude, direction, and duration, as well as variable rupture velocity. From the inversion of synthetic data, we find that the best spatial resolution can be expected in the upper half of the fault model (above 12 km), where coverage of the interferometric SAR data is good (western half of the rupture), and near the GPS and strongmotion stations. Teleseismic data are found to have a lower resolution that is more evenly distributed over the fault model. The joint inversion of all the data sets has an increased resolving power compared with the separate inversions and gives a more robust description of the space and time distribution of slip. Our study shows the importance of resolution tests in evaluating the reliability of earthquake kinematic models, and it confirms that an excellent fit of a single kind of data does not necessarily imply a good retrieval of the kinematic properties of an earthquake. The İzmit rupture, which is almost pure right-lateral strike-slip faulting, is dominated by the bilateral breaking of a central asperity located between 29.7Њ E (about 10 km west of the city of Gölcük) and 30.4Њ E (eastern margin of Sapanka Lake), with slip reaching 6-8 m in the depth range 6-12 km. The western termination of the rupture is found near the city of Yalova, but large slip ends around 29.7Њ E (about 10 km east of Hersek Delta). A second area of large slip is required by all the data sets further east toward the city of Düzce, between 30.7Њ E and 31.1Њ E (Karadere and Düzce faults). This eastern slip zone, which is separated from the main central asperity by an area of greatly reduced slip, is less well constrained by the data. However, a strong-motion station near the city of Düzce helps to locate a high-slip patch near 31.1Њ E in the depth range 6-12 km. The total seismic moment resulting from the joint inversion is 2.4 ‫ן‬ 10 27 dyne cm. Most of the energy release occurred in a short time, less than 15 sec, corresponding to the bilateral breaking of the central asperity. Rupture propagation is relatively uniform and fast toward the west, with a rupture velocity close to 3.5 km/sec. Propagation of large slip toward the east is initially slower, but it accelerates during a short time interval about 10 sec after rupture nucleation. Eastward progression then slows down to less than 2 km/sec after 15 sec, and rupture almost vanishes in amplitude ca. 20 sec after initiation. Rupture propagation then proceeds on the easternmost Karadere and Düzce fault segments, east of 30.7Њ E, from 22 to ca. 50 sec. Supershear rupture propagation is not required for modeling the waveforms considered in this study. The hypocenter of the Düzce earthquake, which occurred 3 months later (12 November 1999, M w 7.2), is located in the immediate vicinity of the easternmost slip patch of the İzmit earthquake.
. Location of the İzmit earthquake.
The position of the epicenter (Kandilli Observatory) is indicated near the city of İzmit (open triangle), and the heavy black line displays the location of the main surface breaks (Barka, 
Introduction
The İzmit earthquake of 17 August 1999 (M w 7.5-7.6) is the last and westernmost event of a sequence of large earthquakes that migrated from east to west along the North Anatolian Fault during the last century (Stein et al., 1997; Barka, 1999; Toksöz et al., 1999) . The earthquake produced extensive destruction and a large number of casualties in several cities of western Turkey, particularly Gölcük, İzmit, Yalova, Adapazari, and Gölyaka (MSK intensities X, General Directorate of Disaster Affairs, Ankara), which are located in the vicinity of the causative fault segments, delineated by approximately 120 km of surface faulting (Barka, 1999; Reilinger et al., 2000a; Fig. 1) . The objective of this work is to determine the space-time distribution of slip for the İzmit mainshock. A robust assessment of the slip history is a fundamental requirement for further studies aimed at relating the source properties to damage, computing accurate stress transfers, characterizing the seismic cycle and hazard related to the North Anatolian fault, and deriving dynamic rupture models. By determining the space distribution of slip, we also intend to address the open questions of the nature of the western (offshore) and eastern termination of the rupture, of the location of the main asperities along the 1999 İzmit rupture, and of the relation between surface and deep slip. Following Kanamori (1981) , we associate asperities to areas on the fault that accumulated large stress before the earthquake and that underwent large slip during the mainshock.
Although source time functions (STFs) are reliably and routinely obtained from teleseismic broadband data, recent studies aimed at deriving kinematic models for large earthquakes have shown that slip maps for a given event may vary significantly, depending on the kind of data used (e.g., Wald and Heaton, 1994; Cohee and Beroza, 1994a; Cotton and Campillo, 1995 , for the Landers earthquake). The same is true for the 1999 İzmit earthquake. Although bilateral rupture propagation is present or implicit in all models, the dominant slipping zone, or major seismic moment release, has been located either to the west of the hypocenter (Bréger et al., 2000; Yagi and Kikushi, 2000) or to the east of it (Bouchon et al., 2000; Tibi et al., 2001) . By inverting the Global Positioning System (GPS) data, Reilinger et al. (2000b) found three main patches of slip, one to the west of the hypocenter and two to the east of it, all confined to the upper 10 km of the crust. In other models large slip patches reach a depth of 15-20 km (Bouchon et al., 2000; Yagi and Kikushi, 2000) . We show that a large part of these discrepancies have their origin in the limited power of resolution of the different data sets when used separately. According to Bouchon et al. (2000) , part of the rupture propagated toward the west at supershear velocity, and we consider this possibility.
It has been shown that slip inversions using seismological data only are likely to be affected by the trade-off between rupture timing and slip location (e.g., Cohee and Beroza, 1994b) . A way to solve this problem is to combine seismological and geodetic data. Geodetic data, like interferometric synthetic aperture (InSAR) or GPS, provide an independent constraint on the space distribution of slip. InSAR data have been used in a number of earthquake studies (e.g., Massonnet et al., 1993; Feigl et al., 1995 Feigl et al., , 2001 Meyer et al., 1996; Ozawa et al., 1997; Peltzer et al., 1999; Wright et al., 1999 Wright et al., , 2001 . Hernandez et al. (1999) adopted a two-step approach in order to limit the space-time tradeoff. They first constrained the slip distribution of the 1992 Landers earthquake with the geodetic data (InSAR ‫ם‬ GPS) to recover in a second step the temporal details of rupture propagation by inverting the strong-motion records. The implicit assumption of this procedure is that the geodetic data are rich enough to constrain by themselves the slip distribution. In most cases, this is probably too optimistic an assumption, since measuring points are restricted to the Earth's surface and generally offer an incomplete coverage of the deformed area. Our approach is to invert geodetic and seismological data, including InSAR, jointly to retrieve the temporal and spatial characteristics of the rupture simulta-neously. In the present article, we give special emphasis to analysis of the spatial resolution, and we show how each independent data set, geodetic, teleseismic, and strong motion helps to control different parts of the fault model. Finally, we show how the joint inversion of the combined data sets gives the most robust picture of the rupture and how separate inversion of individual data sets may provide only a partial and often poorly resolved image of the source process. In a previous study, we performed the first simultaneous inversion of InSAR and teleseismic data (Delouis et al., 2000) . In this study, and for the first time, a simultaneous inversion of InSAR, GPS, teleseismic, and strong-motion data, with constraint from surface breaks, is carried out.
Data
Access to most of the geodetic, teleseismic, strongmotion, and surface offset data was provided very quickly after the İzmit earthquake, and this opened an almost unique opportunity to combine a large amount of complementary data.
Geodetic Data: InSAR and GPS
The differential SAR interferogram, shown in Figure 2 , was computed using InSAR data from the European Research Satellites (ERS-1 and 2) acquired on 13 August 1999 and 17 September 1999 by the European Space Agency (ESA). The raw data (ERS-2, track 157, frames 815 and 801) were processed using the JPL-Caltech-developed ROI_PAC software. Flattening, the removal of fringes in the initial interferogram caused by the Earth's curvature and orbits of the two satellite passes, and computation of the final differential interferogram are calculated in two steps. First, a differential interferogram is computed through the removal of a simulated interferogram, based on precise orbit information from the ESA and a precise digital elevation model (DTED 90-m posting digital elevation model for northwest Turkey from the U.S. National Imagery and Mapping Agency [NIMA] ). This differential interferogram is then unwrapped, using a branch-cut algorithm with bridges used to connect regions separated by low coherence. Then the baseline parameters are estimated using an SVD least-squares inversion, and a new simulation (topography and Earth's curvature effects) is removed from the initial interferogram to more precisely flatten the interferogram.
This ERS pair has the shortest coseismic pair possible for this earthquake (35 days), with the first image acquired 4 days before the earthquake. The perpendicular baseline (separation) of the two ERS satellite orbits was small (ϳ30 m), minimizing the sensitivity to topographic uncertainties in the digital elevation model.
As can be observed from Figure 2 , the coverage of the InSAR data is good for the western part of the rupture, but InSAR data are lacking near the fault in the eastern part. In the SAR inversions, we use a subset of 1300 points from the interferogram in order to limit the number of data points and to sample the deformation more densely where it is larger (near the fault). Resampling was carried out in two steps. First, we kept only every fifth point from the original interferogram. Then, we defined different intervals of distance to the fault, and within each interval we kept one point every 7, 50, 120, or 200, depending on the distance to the fault. The actual InSAR data points used in the inversions are displayed in Figure 3 . We also processed the available ERS-1 pair (990812-990916) with precise orbits for coseismic deformation and found that the difference with the ERS-2 differential interferogram was small.
Any postseismic deformation taking place within the SAR frame area during the month following the İzmit earthquake is included in our SAR interferogram. In their joint inversion of InSAR, GPS, and Spot measurements to estimate the slip distribution of the İzmit mainshock, Feigl et al. (2001) corrected the ERS-1 SAR interferogram from the postseismic deformation. However, GPS measurements in the source area show that the postseismic deformation of the ground surface over a 75-day period following the mainshock did not exceed about 5 cm (Burgmann et al., 2000; Reilinger et al., 2000b) . Therefore, it was small with respect to the meter level satellite-measured coseismic displacements (see observed profiles in Fig. 2 ). This postseismic deformation has been attributed to aseismic fault slip of as much as 0.43 m on and below the coseismic rupture (Reilinger et al., 2000b) , a small amount compared with the maximum coseismic slip of 6-8 m, and our interferogram covers only 40% of that 75-day period.
Another source of errors that can affect the results of InSAR inversions for the İzmit earthquake is related to tropospheric artifacts (Reilinger et al., 2000b; Feigl et al., 2002) . Reilinger et al. (2000b) discarded the possibility of finding a coseismic slip model that would explain both the differential GPS and InSAR data, noting that an error of a few tens of millimeters in SAR range displacement at 50 km from the fault may alter the estimate of slip on the fault by several meters. However, we found that this problem can be avoided by down-weighting or down-sampling the InSAR data far from the fault. In addition, the use of teleseismic data makes us less dependent on far fringes for constraining deep slip.
Coseismic GPS data ( Fig. 13) are from Reilinger et al. (2000b) , and we refer to that article for details relating to the processing of the GPS data.
Teleseismic Data
Broadband seismograms that were recorded at teleseismic distances by the IRIS and GEOSCOPE networks were deconvolved from the instrument response, integrated to obtain displacements, and equalized to a common magnification and epicentral distance. The data were bandpassed from 0.8 (P waves) or 0.4 (SH waves) to 0.01 Hz. We model the first 60 sec of 13 P-wave signals and the first 80 sec of 12 SH signals, well distributed in azimuth around the source (Fig. 5) . teleseismic signals used in this study, drawn around their respective focal mechanism for the central fault segment bearing the hypocenter (segment S2 in Fig.  1 and Table 1 ). The compressional and dilational quadrants are indicated by the ‫ם‬ and ‫מ‬ symbols, respectively.
Strong-Motion Data
We use six strong-motion accelerograms that were obtained from the Earthquake Research Department of the General Directorate of Disaster Affairs, Ankara. Most of the records are from standard Kinemetrics SMA-1 instruments, except station SKR, which is equipped with a digital Geosys GSR-16 instrument with a force balance sensor. The stations are located within 50 km from the earthquake fault (Fig. 1) .
The accelerograms were integrated twice to get the ground displacements. The SMA-1 data are bandpassed from 0.1 to 0.5 Hz. The low-cut frequency was chosen in order to limit the influence of long-period noise enhanced by the double integration. The 0.5-Hz high-cut frequency aims at reducing high frequencies that we cannot try to model with a simple crustal model. In order to avoid large differences in amplitude among the stations, station SKR was also bandpass filtered between 0.05 and 0.5 Hz, although the lowest frequencies may be retrieved down to DC at that station, as shown at the end of this article. Station SKR, which has absolute timing, was aligned in absolute time. For those stations without absolute timing, we performed a series of single-station inversions in order to determine the minimum time shift required to obtain a good fit between the synthetic and observed waveforms. The resulting time shifts were used to align those stations, and we verified a posteriori that they were adequate in the multistation and multi-data set inversions. The vertical components of the strong-motion records, which are more difficult to model with a simple crustal model, are excluded from the inversion, with the exception of station SKR, which is located very close to the fault. The north-south component of station SKR did not work properly and cannot be used.
Surface Offset Data
The average offset values observed along the coseismic rupture were released very quickly to the scientific community (IPGP, ITU, USGS, and SCEC, 1999, web sites) and were confirmed afterward with the publication of more detailed observations (e.g., Awata et al., 2000; Barka et al., 2000; Honkura et al., 2000) . Surface breaks extend for about 120 km, from the southern bank of the İzmit Bay near Göl-cük up to the longitude of the city of Düzce in the east (Fig.  1) . The earthquake was almost pure right-lateral strike slip with maximum offsets reaching 4-5 m to the west of Gölcük and to the east of Sapanka Lake (Fig. 4) . Localized normal faulting connecting two strike-slip segments has also been described east of Gölcük (Barka, 1999) .
Fault Model and Inversion Procedure
We use a uniform parameterization allowing for a multisegment finite fault geometry, variable slip, and variable rupture velocity. Our approach combines the multiple timewindow formulation (Olson and Aspel, 1982; Hartzell and Heaton, 1983 ) with a nonlinear inversion scheme incorporating rupture onset times as free parameters. A quasi-global exploration of the model space is carried out with a simulated annealing algorithm. Examples of the use of simulated annealing in variable-slip inversions can be found in the studies of Ihmlé (1998) and Lundgren et al. (1999) . Simulated annealing, which allows us to fully solve nonlinear inverse problems without dependency on a starting model, requires a priori definition of bounding values for the free parameters. Convergence of the simulated annealing procedure is based in this study on the simultaneous minimization of the root mean square (rms) misfit and of the total seismic moment. If different data sets are used, the rms error is a weighted average of the normalized rms errors of the individual data sets. In the joint inversion, InSAR, GPS, teleseismic, and strong-motion data have weights of 1.0, 1.0, 1.2, and 1.0, respectively, the assignment of 20% higher weight for the teleseismic data being motivated by the higher normalized misfit resulting from the teleseismic inversion. We do not use a specific smoothing constraint, but the minimization constraint on the total seismic moment results in relatively smooth models and strongly reduces spurious slip. The weight of the moment minimization with respect to the rms minimization is not the same in all the inversions. To estimate an optimum (maximum) value for that weight for each data set, that is, to find solutions minimizing the seismic moment, we carried out several preliminary runs increasing the weight, until the degradation of the data fit became easily perceptible by inspection.
The earthquake rupture is simulated by four segments whose strike and intersection with the surface coincide with the main surface breaks ( Fig. 1 and Table 1 ). The epicenter is located near the city of İzmit (40.76Њ N, 29.97Њ E, Kandilli Observatory), but the source depth is not well constrained . The scalar seismic moment from the Harvard centroid moment tensor (CMT) catalog was initially 2.1 ‫ן‬ 10 27 dyne cm (M w 7.5), but it was later revised to 2.88 ‫ן‬ 10 27 dyne cm (M w 7.6). Estimates of fault dip and hypocentral depth were obtained from preliminary broad- band teleseismic modeling using the method of Nabelek (1984) . Values for those parameters, as well as for the length of the westernmost and easternmost segments of the rupture, were confirmed or adjusted after a series of trial-and-error inversions, including both the geodetic and seismological data. To discretize the rupture, each fault segment is subdivided into rectangular subfaults with dimensions 7.5 km along strike and 4.5 km along dip, resulting in a total of 115 subfaults. Strikes, dips, and segment dimensions are held fixed (Table 1) , but the rake at each subfault is allowed to vary within the range 180Њ ‫ע‬ 20Њ (right-lateral slip). The evolution of slip amplitude with time is assumed to be uniform over each subfault. Subfault slip rate functions are represented by a sequence of six isosceles triangular time windows of variable height. Time windows are 2 sec long and mutually overlapping. With six time windows, the maximum duration of slip at any single point of the fault model is 7 sec. Bounding values on individual time-window heights are positive, and final slip may reach a maximum of 8 m on each subfault. We verified that a longer allowed duration of slip or a larger allowed amplitude of slip does not improve the modeling. The rupture initiates at the hypocenter, and the overall propagation is accounted for by the rupture onset times of the subfaults. Rupture onset times are allowed to vary within a certain range defined by two bounding rupture velocities, 1.8 and 3.5 km/sec. The latter bounding rupture velocity corresponds to the shear-wave velocity of our crustal model (see subsequent section). In summary, we estimate the following free source parameters at each subfault: the rupture onset time, the amplitudes of the six triangular time windows, and the rake. In addition, we invert for two static offsets that are required to calibrate the InSAR data north and south of the fault. We do not include a parameter to allow for possible orbital tilt across the image. Subfault strong-motion and teleseismic contributions are computed by summing the responses of 15 equally spaced point sources delayed in time according to the varying source-to-station position and according to the propagation of a local rupture front on each subfault. This local propagation occurs in the model at 75% of the shear-wave velocity. We verified that the results are not sensitive to the choice of this locally fixed rupture velocity. In any case, on a broader scale, the inversion of the rupture onset times allows for a variable rupture velocity. Ground-motion contributions for both dip-slip and strike-slip components on each subfault are computed and stored before inversion. During the inversion, they are combined to obtain motions corresponding to any rake.
In some inversions, slip values at the shallowest subfaults of the model were constrained to remain close to the maximum offset observed at the surface shown in Figure 4 . In the simulated annealing algorithm, this is carried out using bounding values close to the observed surface offset for slip on the shallowest fault segments. Small-scale complexities in the surface breaks are deemed to be a surface effect and are ignored.
Synthetic seismograms produced by simple shear dislocation (double-couple) point sources are computed using ray theory for the stations located at teleseismic distances (Nabelek, 1984) . For near-field stations, we use the exact analytical expressions, including both the far-field and nearfield waves given by Johnson (1974) for an elastic halfspace. More details were given by Legrand and Delouis (1999) . Near-field static displacements (for InSAR and GPS data) are computed using the formulation of Savage (1980) , each subfault being represented by a dislocation surface embedded in an elastic half-space. We assume a simple halfspace crustal model, with V p ‫ס‬ 6.0 km/sec, V s ‫ס‬ 3.47 km/ sec, and the Lamé elastic constants k ‫ס‬ l ‫ס‬ 3.3 ‫ן‬ 10 10 Pa. With this simple velocity structure, we limit ourselves to relatively low-frequency waveform modeling (see previous section) and to near-source strong-motion stations (less than 50 km away from the fault).
Resolution Tests with Synthetic Data
We present first the application of the inversion scheme to the synthetic data, which allows us to assess the resolving power of the different data sets. The fault geometry, the number of free parameters, and their bounding values, as well as the data configuration and processing are the same for these synthetic simulations and for the actual data inversions. The synthetic SAR interferogram and the synthetic GPS data are displayed in Figure 3 , and examples of the observed and synthetic waveform data are presented in Figure 6 . Synthetic data are generated using the synthetic slip model presented in Figure 7 (top) (slip distribution) and Figure 8 (time evolution) . A low level of noise was added to the synthetic data before inversion, which varies between ‫3ע‬ and ‫5ע‬ cm for the InSAR and GPS data, respectively, and ‫%01ע‬ of the amplitude of the signals for the teleseismic and strong-motion data. Moreover, synthetic seismograms were randomly time shifted by up to ‫1ע‬ sec. The synthetic slip model is characterized by five asperities of regular shape distributed on the four fault segments (numbered a1-a5, Fig.  7 [top] ). The slip angle (rake) varies slightly around a central rake value of 180Њ from one asperity to the other, but since the real data do not require strong variations in slip direction we do not emphasize resolving this parameter. Heterogeneity in the rupture propagation has been incorporated in the following way. From the hypocenter, at asperity a1, the rupture velocity is 3.4 km/sec toward the east and 2.1 km/sec toward the west. The rupture velocity used to compute rupture times for asperities a2 and a3 are 2.6 and 2.1 km/sec, respectively. All rupture times on segments 3 and 4 (easternmost segments) correspond to an average rupture velocity of 2.6 km/sec, with an added delay of 2 sec. Figure 8 displays the time evolution in the synthetic model. A discretization into 2.5-sec time intervals is used to limit the number of snapshots, although this relatively coarse discretization introduces some imprecision in the appearance of the rupture velocity. Figure 7 presents the slip distribution resulting from the separate inversions of the different data sets and that resulting from their simultaneous joint inversion. No constraint on the surface offset is used. The InSAR inversion locates relatively well the position of the asperities, with the exception of the easternmost one (a5), but their shape is approximate, and the resolution clearly degrades with depth. The deep root of asperities a2, a3, and a4 is not resolved. Asperity a5 is translated into some mislocated slip in the deep part of segment 3. This latter effect can be attributed to the lack of coverage for the InSAR data in the eastern part of the model. The GPS inversion locates all the asperities, including a5, as a result of a relatively good distribution of GPS stations around the rupture. However, as in the case of the InSAR inversion, the shape of the asperities is only approximately retrieved, and there is almost no resolution in the lower part of the model. Slip above and below the hypocenter tends to be underestimated by the GPS inversion. The spatial resolution of the teleseismic inversion appears to be low. Localized asperities are transformed into spread-out slip, and the actual shape of the asperities cannot be retrieved. The strongmotion inversion does a relatively good job in retrieving the position and shape of asperities in the upper part of the model close to stations SKR, IZT, and DZC, which are located near the fault. However, the presence of station IZT just above the hypocenter is not sufficient to provide a good resolution in the western part of the hypocentral asperity a1. The strong-motion data provide almost no resolution in the deep part of the model. The spatial resolution clearly improves with the joint inversion. The deep root of asperity a1 is better resolved, although the deep parts of the other four asperities are imprecisely defined. Figure 6 shows how the waveform misfit remains small even in the case of the joint inversion. Misfits shown in Figure 6 are representative of the way that the data are matched at all the stations. Misfit is even smaller for the separate inversions. Since slip distributions resulting from separate inversions give an incomplete picture of the actual slip distribution (Fig. 7) , we argue that an excellent fit of a single kind of data does not necessarily imply a good retrieval of the kinematic properties of an earthquake rupture. This is true in the case of the İzmit earthquake, even though the area covered by the InSAR and GPS data is quite wide, the azimuth distribution of the teleseismic stations is good, and the distribution of strongmotion stations is quite favorable with six stations well distributed within less than 50 km of the fault.
Summarizing the aforementioned observations, we expect the best spatial resolving power in the upper part of the model, where coverage of the InSAR data is good, and near the strong-motion and GPS stations. A low spatial resolution with more even distribution over the whole model is expected from the teleseismic data. Combining all the data sets improves spatial resolution, although it is not possible to retrieve all the details of the asperities. Seismic moment from the InSAR, GPS, teleseismic, strong-motion, and joint inversions are, respectively, 66%, 76%, 77%, 76%, and 90% of that of the input synthetic model. The underestimation of the seismic moment may result from the minimization constraint that we apply on the seismic moment in the inversion process, but it results also from the partial spatial coverage of the data, especially in the case of the InSAR data. The joint inversion combines the coverage of the different data sets and gives the best estimates of the seismic moment. It is clear that the individual data sets provide only a very partial imaging of the slip distribution and that the joint use of multiple data is required.
We restrict our analysis of the temporal evolution of the rupture to the result of the joint inversion. Only minor differences are observed when Figures 8 (synthetic timing) and 9 (inverted timing) are compared. Westward propagation is slow until t ‫ס‬ 12.5 sec and then becomes faster, ending finally at about t ‫ס‬ 25 sec. Eastward propagation is fast until t ‫ס‬ 7.5 sec and then slow between 15 and 27.5 sec. The rupture starts on segment 3 where t ‫ס‬ 25 sec and reaches the eastern edge of the model at about t ‫ס‬ 42.5-45 sec. The main characteristics of rupture timing are well retrieved by the joint inversion.
We also included variations of the slip duration in the synthetic model. Figure 10 displays how the slip time histories (slip curves) at individual subfaults are matched by the joint inversion. Slip curves were obtained by integrating the slip rate time functions. We limit our analysis of the resolution of the slip curves to those subfaults where slip exceeds 4 m in both the synthetic and inverted models. Although some large slip discrepancies are observed (Fig.10) , the duration of slip is well retrieved in most cases.
Slip History of the İzmit Earthquake
The slip distributions resulting from the separate and joint inversions of the real data are presented in Figures 11  and 12 , respectively, without and with the surface offset constraint. They share some common features: (1) the absence of slip at depth in the western part of the model, (2) high slip values (4-8 m) in the central portion of the model from about 10 km west of Gölcük up to the area immediately east of Sapanka Lake, and (3) significant slip on the easternmost segments. Without the constraint on the surface offset, slip at the surface is overestimated at several places for all the four data sets. The InSAR and GPS models are characterized by shallow slip mostly restricted to the upper half of the model from Sapanka Lake to the west. In the east the InSAR models exhibit deep slip, but we can infer that it is not resolved because of the poor coverage of InSAR data in this area, as confirmed by the synthetic tests. The GPS models locate an asperity in the vicinity of stations DKMN and KDER, which are the stations closest to the eastern segments. The teleseismic models exhibit large slip values at greater depth, in particular in the hypocentral region. Although the synthetic tests indicated the tendency for the teleseismic inversion to spread out the distribution of slip, the teleseismic models from the inversion of the real data are dominated by a concentrated central pattern of slip, located on segments 1 and 2. This is taken as an indication that the principal asperity of the İzmit earthquake is indeed quite concentrated in space. The strong-motion models exhibit the most complex slip pictures, but from the synthetic tests we can infer that the deep slip is poorly resolved and that the best resolution is to be expected near the strong-motion stations SKR, IZT, and DZC and more precisely to the east of the hypocenter in the upper part of segment 2. The effect of adding the constraint on the surface offset is essentially to restrict the highest slip values (6-8 m) to the depth range of 6-12 km.
The joint models combine the best-resolved parts of the parameter sets estimated from individual data sets. The western part of the rupture is controlled mostly by the InSAR, GPS, and teleseismic data, and the central part by the teleseismic and InSAR data, whereas control in the eastern part comes essentially from the strong-motion and GPS data.
Data modeling for the joint inversion with constraint on the surface offset is presented in Figures 2 and 13-15 . Misfit for the InSAR data does not exceed 10-15 cm in the nearfault area (see profiles in Fig. 2) . The overall match of the GPS coseismic vectors is good (Fig. 13) , although we note small angular misfits at the two largest displacement stations SISL and SMAS, as well as some underestimation of the displacement amplitude at KDER. Noticeable misfit of the teleseismic amplitudes is essentially limited to stations CHTO and TATO for the P waves and to stations ATD, COLA, and MAJO for the SH waves (Fig. 14) . The misfit of the strongmotion signals is remarkably small (Fig. 15) . Table 2 lists the normalized rms values and seismic moments for the separate and joint inversions. Normalized rms (Nrms) is dimensionless. An Nrms value of 0.0 would mean perfect matching. An Nrms value of 1.0 would mean bad matching, corresponding, for instance, to cases where the computed data is zero everywhere or two times larger than the observed data. The Nrms values larger than 1.0 would imply either anticorrelation or computed data more than two times larger than the observed ones. As expected, the addition of new data sets in the inversion results in a slight increase of the rms values, that is, of the misfit. However, as can be observed from Figures 2 and 13-15 , the overall fit of all the data sets remains excellent in the joint inversion. Seismic moment from the different inversions varies between 2.0 ‫ן‬ 10 27 and 2.6 ‫ן‬ 10 27 dyne cm, 2.4 ‫ן‬ 10 27 dyne cm being the most robust estimate resulting from the joint inversion. Our estimates of the seismic moment are, hence, 17% lower than the Harvard CMT scalar moment (2.88 ‫ן‬ 10 27 dyne cm).
A notable feature of the strong-motion models is the ) and for the model resulting from the joint inversion of the InSAR, GPS, teleseismic, and strong-motion synthetic data (dashed curves). Slip time functions are drawn around the slip map from the joint inversion for those subfaults, where slip exceeds 4 m in both the synthetic and inverted models. The maximum amplitude and duration of slip allowed in the model are 8 m and 7 sec, respectively. In order to be able to compare the shape and duration of the individual slip functions, inverted slip curves were time shifted, when necessary, to coincide with the synthetic curves. Slip functions are labeled according to the subfault numbers in the model. There is general agreement between the synthetic and inverted slip curves, but large misfits are observed at subfaults 26, 31, 17, 78, and 79. absence of slip in the hypocentral area, in contrast with the teleseismic and joint models (Figs. 11 and 12 ). The small effect on the strong-motion seismograms of large slip in the hypocentral area is illustrated in Figure 16 and is at the origin of the low resolution of the strong-motion data in this area of the model. We note, however, the relatively large and constructive effect of hypocentral slip at station IZT. Teleseismic broadband signals are on the average more sensitive to slip in the hypocentral area, as illustrated in Figure 16 for two representative stations. As shown in Figure 15 , the strong-motion data are equally well fitted with large slip at the hypocenter. The slip model resulting from the joint inversion with constraint on the surface offset (Fig. 12 [bottom] ) is the one we consider the most robust to describe the source process. The western termination of the rupture is located near the city of Yalova, at about 29.3Њ E, but large slip ends near 29.7Њ E. In the east, each type of data requires the presence of consequent slip on the two easternmost segments (Karadere and Düzce faults, Fig. 1 ), but clearly it is the strongmotion station DZC situated near the city of Düzce that provides the most accurate constraint on the easternmost part of the rupture. If station DZC is removed from the data sets, slip stops at about 31.0Њ E. On the other hand, we verified that with station DZC included, a joint inversion with a fault model incorporating only the first three segments would produce an accumulation of slip at the eastern edge of segment 3 (Karadere fault), confirming that slip should be located more to the east on segment 4 (Düzce fault). In order to match the waveforms at DZC, our model with surface offset constraint requires 5-6 m of slip between 6 and 12 km depth at about 31.1Њ E (Fig. 12 [bottom] ). The rupture of the M w Figure 11 . Slip maps from the inversion of the real data, without constraint on the surface offset. From top to bottom are displayed the slip maps for the InSAR, GPS, teleseismic, strong-motion, and joint inversion of the four data sets. See also the caption of Figure 7. 7.2, 12 November 1999 Düzce earthquake (Ayhan et al., 2001; Tibi et al., 2001 ) suggests a lower dip for the Düzce fault segment (segment 4). With a fault dipping 55Њ-65Њ to the north (instead of 85Њ), the asperity at 31.1Њ E is still found by the joint inversion, but with lower slip values (3-4 m), a decrease expected since the distance between the fault plane and station DZC is shorter. Since this asperity depends primarily on station DZC, it is important to stress that the dominant period of the near-field displacement waveforms that we are matching are too long (Ͼ5-10 sec) for a basin effect to bias our modeling of station DZC. An area of greatly reduced slip is found between 30.4Њ E and 30.7Њ E, forming a noticeable gap in the slip distribution cross section.
From Gölcük to Sapanka Lake, there is a good overall correspondence between surface offsets and slip at depth (Fig. 12 [bottom] ), although in detail, surface slip does not mimic slip at depth. On the other hand, deep slip associated with the easternmost asperity has almost no expression at the surface.
The time evolution of the rupture for our preferred model is shown in Figure 17 . Rupture propagation toward the west is relatively homogeneous and occurs at a velocity Figure 12 . Same as Figure 11 , but with constraint on the surface offset. The slip map at the bottom (joint inversion) is our preferred model. The surface offset values in meters used to constrain slip at the shallowest subfaults (see also Fig. 4) , as well as the longitude, are indicated above the joint model. close to 3.5 km/sec. Note that with the snapshot representation used in this study, the estimation of the rupture velocity is imprecise at the beginning of the rupture, especially within the first 5 sec. Propagation toward the east appears to be initially slower than toward the west. This is reflected by the fact that before t ‫ס‬ 7.5 sec, large slip amplitudes are almost restricted to the area at and west of the hypocenter. Around t ‫01ס‬ sec, large slip progresses much more rapidly toward the east, producing a strong directivity effect contributing to the high amplitudes observed at the strongmotion station SKR. However, this fast progression occurs well within the supershear velocity boundary of 3.5 km/sec when the total rupture history starting at the hypocenter is considered. To further test the need for a supershear rupture, we carried out a specific joint inversion where the maximum bounding rupture velocity was 5 km/sec instead of 3.5 km/sec. The effect of relaxing the constraint on the rupture velocity was to produce minor patches of slip propagating Figure 13 . Coseismic GPS vector fitting.
Observed and computed horizontal displacements are represented by open and black arrows, respectively. Computed means from the model resulting from the joint inversion of real data with constraint on the surface offset ( Fig.  12 [bottom] ). faster than 3.5 km/sec, but without improvement of the waveform fit. We conclude that the supershear rupture is not required. From 10 to 15 sec, the rupture still propagates relatively fast toward the east, at 3 km/sec or more. Then, between 15 and 20 sec, it slows down to less than 2 km/sec. Between 20 and 22.5 sec, the rupture almost vanishes in amplitude. This is corroborated by the absence of significant slip in the easternmost part of segment 2 as observed in the final distribution of slip (Fig. 17 [bottom] ). Rupture starts to propagate on segment 3 at about t ‫ס‬ 22.5 sec. Rupture velocity across segments 3 and 4 appears to be less well constrained than across the two other segments. After t ‫ס‬ 35 sec, propagation stops, but slip continues in some places, especially at the easternmost asperity.
The overall STF for the complete rupture is shown in Figure 18 . The peculiarity of the STF is that most of the energy is released in the first 15 sec, a short duration for an earthquake of that size. As shown in Figure 17 , this is explained by the bilateral rupture of the central asperity located on segments 1 and 2 (approximately between 29.7Њ E and 30.4Њ E, Fig. 12 [bottom] ), which is almost completed in the first 15 sec. The main characteristics of the overall STF are found also from the individual teleseismic and strongmotion inversions, indicating that the STF tends to be more robust even though slip maps from individual data sets may differ significantly.
Slip histories at individual subfaults indicate, in most cases, a short duration of slip, and the 7 sec available for slip are fully used at one subfault only (Fig. 19) . At several places, slip of 7-8 m occurs in less than 4 sec. The waveforms modeled in this study are dominated by periods longer than the individual slip durations. However, as shown by Legrand and Delouis (1999) , the long periods that dominate in signals produced by finite faults in the near field are built by constructive and destructive interference of seismograms produced by small portions of the fault, which have them- selves a higher-frequency content. A proper estimation of the slip duration (rise time) at individual subfaults is required in order to reproduce those low frequencies. Moreover, we have seen that the synthetic tests carried out in this article (Fig. 10) indicate that slip curves may be retrieved with some degree of confidence, at least where slip is large. Although individual slip histories may not be strictly constrained, the overall short duration of dislocation time histories in the model is well established. We test whether relevant information may have been lost in the process of filtering the lowest frequencies of the strong-motion seismograms. In order to address this question, we corrected the east-west and vertical components of SKR, the only digital station, for baseline shift in acceleration, using a modified version of the approach proposed by Iwan et al. (1985) , and then proceeded with the double integration to get the displacement signals. In Figure 20 , we compare the unfiltered observed signals with the unfiltered synthetics generated with the model, resulting from the joint inversion of InSAR, GPS, teleseismic, and strong-motion data, with constraint on the surface offset. The match is excellent, in particular for the spectacular east-west compo- nent displaying a fast rise and a static offset of about 170 cm. We note that although the displacement was very large (170 cm) at that station the peak ground acceleration was only 0.4g.
Conclusions
The fast availability of the geodetic, seismological, and surface offset data from the İzmit earthquake provides a unique opportunity to constrain the rupture process of a very Figure 16 . Effect of a single asperity (a) located in the hypocentral area on the strongmotion seismograms (b). The almost negligible effect at most of the stations, especially at SKR and DZC, which exhibit the largest observed amplitudes, explains the low resolution of the strong-motion data in this area of the fault model. In (c) is shown the effect of the same asperity on the teleseismic P-wave seismograms at two representative stations, BGCA and BINY. The effect is clearly greater on the teleseismic data.
large earthquake with independent and complementary sources of information.
From our resolution tests with synthetic data and from the inversion of the real data we make the following inferences.
1. An excellent fit of a single kind of data does not necessarily imply a good retrieval of the kinematic properties of an earthquake. The overall STF of the rupture may be easily retrieved, but great caution should be taken when slip maps from individual data sets are considered.
2. Resolution and sensitivity tests are highly recommended in kinematic rupture studies, especially when a single kind of data is used. In the case of the İzmit earthquake, we show that the location of slip in the easternmost part of the rupture cannot be constrained properly by the InSAR and teleseismic data, whereas strong-motion, and to some extent GPS data, are unable to resolve slip in the hypocentral area. 3. In the case of a near-vertical strike-slip fault, the best spatial resolution can be expected in the upper part of the fault model, where InSAR coverage is good, and near Figure 17 . Time evolution of the rupture for the joint inversion of InSAR, GPS, teleseismic, and strong-motion data with constraint on the surface offset, given at intervals of 2.5 sec. Lines corresponding to rupture velocities of 2, 3, 4, and 5 km/sec are represented for reference. The local propagation on individual subfaults is taken into account, as well as the slight east-west overlap of segments 2 and 3.
strong-motion and GPS stations. The resolution of InSAR, GPS, and strong-motion data degenerates with depth. 4. The resolution of the teleseismic data tends to be lower overall but more evenly distributed within the model. This means that the teleseismic data help control slip in the deep portion of the model when combined with the other data sets. 5. Without a constraint on the surface offsets, slip near the surface can easily be overestimated. 6. InSAR, GPS, teleseismic, and strong-motion data can be inverted simultaneously to obtain a more robust image of the rupture process of an earthquake. The spatial resolution of the joint inversion is better than for the separate inversions of the individual data sets. For that reason, the temporal complexities of the rupture can be retrieved with more confidence in the simultaneous inversion.
The İzmit rupture is dominated by the bilateral breaking of a central asperity located approximately between 29.7Њ E (10 km or so west of Gölcük) and 30.4Њ E (east margin of Figure 18 . The STF for the whole rupture. From the joint inversion of InSAR, GPS, teleseismic, and strong-motion data with constraint on the surface offset. The STF depicts the evolution of moment rate with time. Figure 19 . Slip time functions for individual subfaults for the model resulting from the joint inversion of the InSAR, GPS, teleseismic, and strong-motion data with constraint on the surface offset. Slip time functions are drawn around the slip map from the joint inversion for those subfaults where slip exceeds 4 m only. The maximum amplitude and duration of slip allowed in the model are 8 m and 7 sec, respectively. Slip functions are labeled according to subfault numbers in the model. The 7 sec available for slip are fully used at subfault 36 only.
Sapanka Lake), with right-lateral strike slip reaching 6-8 m in the depth range 6-12 km. The western termination of the rupture is found near the city of Yalova, at about 29.3Њ E, but large slip ends about 25 km more to the east. A second area of large slip is required by all the data sets further east toward the city of Düzce, between 30.7Њ E and 31.1Њ E (Karadere and Düzce faults). This eastern slip zone, which is separated from the main central asperity by an area of greatly reduced slip, is less well constrained by the data. However, strong-motion station DZC near the city of Düzce helps to locate a high-slip patch in the depth range 6-12 km near 31.1Њ E. The hypocenter of the Düzce earthquake, which occurred 3 months later (12 November 1999 M w 7.2), is located in the immediate vicinity of this easternmost slip patch of the İzmit earthquake.
The correlation between deep and surface slip is relatively good for the main slip zone from Gölcük to Sapanka Lake, although in detail surface slip does not mimic slip at depth. In the case of the easternmost asperity, there is no correlation since large slip did not reach the surface. Caution must be taken not to consider that the small-scale structural complexities and slip offsets observed at the surface can be simply projected downdip along the fault.
The seismic moment resulting from the joint inversion is 2.4 ‫ן‬ 10 27 dyne cm. Slip lasts for 45-50 sec, but most of the energy release occurs in a short time, less than 15 sec, corresponding to the bilateral breaking of the central asperity. Rupture propagation is relatively uniform toward the west, with a rupture velocity close to 3.5 km/sec. In our inversions, we found no need for a rupture front traveling from the hypocenter faster than the shear-wave velocity. Propagation of large slip toward the east is initially slower, but it accelerates during a short time interval about 10 sec after rupture nucleation. Eastward progression slows down to less than 2 km/sec after 15 sec, and rupture almost vanishes in amplitude about 22 sec after initiation. Although slip dies out between 30.4Њ E and 30.7Њ E, the rupture propagates more to the east across the Karadere and Düzce fault segments. From 25 sec on, rupture propagation is limited to these two easternmost segments. Although the slip time histories at individual subfaults may not be strictly constrained, the overall short duration of the dislocation time histories in the model is well established.
The İzmit earthquake is another example of a large event displaying a heterogeneous slip distribution. In the light of the present results, the relation between the İzmit and Düzce earthquakes must be carefully explored. Figure 20 . Waveform fitting of the unfiltered strong-motion displacements at station SKR. Observed seismograms are drawn in solid lines, whereas those computed with the model resulting from the joint inversion of InSAR, GPS, teleseismic, and strong-motion data with constraint on the surface offset are shown in dashed lines.
